Articles you may be interested in Transient reflectivity as a probe of ultrafast carrier dynamics in semiconductors: A revised model for lowtemperature grown GaAs
The ultrafast dynamics of As-ion-implanted and annealed GaAs is investigated using transmission pump-probe measurements. Carrier recombination time was found to increase from 4 to 40 ps with increasing annealing temperature. At lower annealing temperatures, the transmitted optical signal is dominated by induced absorption and at higher annealing temperatures this effect is replaced by induced transparency. © 2001 American Institute of Physics. ͓DOI: 10.1063/1.1356727͔
Semiconductors with ultrashort carrier lifetimes, good optical responsivity, and low conductivity are essential for various ultrafast optical and optoelectronic applications including saturable semiconductor absorber mirrors, ultrafast detectors and switches, and terahertz radiation sources. Recently, nonstoichiometric arsenic-rich GaAs grown by molecular-beam epitaxy at low substrate temperatures ͓low-temperature-grown ͑LTG͒ GaAs͔ was the subject of intensive studies aiming at these applications. 1 It exhibited nearly ideal electrical and optical properties for ultrafast applications. Recently a new class of arsenic-rich material, As-ionimplanted GaAs ͑GaAs:As͒ has emerged as a potential alternative to LTG GaAs. 2, 3 The structural and electrical characteristics of LTG GaAs and GaAs:As have been shown to be quite similar, 4 and the ultrafast optical response of GaAs:As has been also documented. 3, 5, 6 As a rule, the ultrafast response in a semiconductor material is measured by exciting nonequilibrium carriers with a stronger part of a femtosecond laser pulse and sampling the change of the optical characteristics by a second, weaker part of the same pulse. Moderate intensity band-to-band excitation is used in the majority of the experiments, therefore, the established reflectivity or the photoluminescence dynamics yields information solely on the free-electron trapping times in the material. However, as long as the trapped photoelectrons do not recombine with holes from the valence band, the material recovery is incomplete. It has been established that the recombination times in LTG GaAs can be as long as a few tens of picoseconds; 7, 8 the values of this critical device performance parameter in GaAs:As have not yet been investigated.
In this letter, we present a study of carrier recombination in As-ion-implanted and annealed ͑at temperatures from 500 to 700°C͒ GaAs layers, which were epitaxially lifted off ͑ELO͒ after implantation and annealing. The electron trapping times in these layers have been investigated by using femtosecond Ti:sapphire laser pulses and the temporally resolved photoluminescence ͑PL͒ used in a previous work 9 and were found to vary from 100 fs to 5 ps. Here, we employed powerful picosecond laser pulses with a wavelength longer than the absorption edge of GaAs and a pump-and-probe technique, which allowed us to monitor simultaneously the photoinduced changes in the sample absorption and refractivity. It has been found that the carrier recombination time increases with increasing annealing temperatures from 4 to 40 ps. Also, depending on the annealing conditions, the increased occupancy of the band-gap states can lead to either photoinduced absorption or absorption bleaching.
2-m-thick GaAs layers with a 50-nm-thick AlAs liftoff layer were grown on GaAs substrates by the low-pressure metal-organic chemical-vapor deposition ͑MOCVD͒ technique at a substrate temperature of 700°C. 2 MeV As ions were implanted at a dose of 1ϫ10 16 cm Ϫ2 using the Australian National University tandem accelerator. During implantation the wafers were tilted 7°off the beam axis to minimize channeling effects. The ion dose rate was 8 nA/cm 2 , and the nominal sample temperature was room temperature. After implantation, the samples were annealed for 20 min at different temperatures under arsine ambient in the MOCVD reactor.
The experimental setup was based on a mode-locked Nd:phosphate glass laser ͑1.7 ps, 10 Hz, 1.054 m͒. The maximal single pulse energy used was 15 J with a pump pulse up to 100 times stronger than the probe pulse. The ELO GaAs:As sample was placed at 2 Rayleigh lengths before the waist of the focused laser beams where the Gaussian beam diameter was 340 m. The part of the pump pulse absorbed in the sample via two-photon absorption ͑TPA͒, and/or absorption at the defects, creates nonequilibrium carriers that induce a refractive-index gradient and modify the occupation of the band-gap states in the sample. These changes were monitored by measuring the overall probe pulse energy transmitted through the sample ͑open aperture, or OA signal͒ and the energy of the central part of the probe beam ͑closed aperture, or CA signal͒. This type of experiment is similar to the dynamic z-scan technique. 10 The results of the Z scan are affected by the contributions of both a͒ Author to whom correspondence should be addressed; electronic mail: krotkus@uj.pfi.lt nonlinear optical refraction and absorption. In stationary Z-scan measurements the later contribution is determined from the OA signal whereas the first is found after dividing the CA trace by the OA Z-scan trace. We have applied a similar procedure by interpreting our results of the dynamical Z-scan measurements, too. Figure 1 presents the results of the measurement on the sample annealed at 500°C. The rise time of the CA transient is comparable to the laser pulse duration, which, in this case, is much longer than the electron trapping time of ϳ100 fs determined from the time-resolved PL measurement. 9 At the beginning of the OA signal transient, a dip caused by the pump-induced absorption of the probe ͑TPA͒ can be clearly distinguished; at later times the dynamics of the OA signal corresponded to the decay of photoinduced absorption from the electron traps. The density of nonequilibrium electronhole pairs excited by the pump beam in the TPA process was of the order of 2ϫ10 18 cm Ϫ3 . This concentration was much higher than that of the main electron traps in the As-ionimplanted material, which were determined previously to be single-ionized arsenic antisite defects ͓approximately 5 ϫ10 17 cm Ϫ3 for GaAs:As annealed at 500°C ͑Ref. 11͔͒. Therefore, these traps were saturated and the free-electron density decays at a rate determined by the trap emptying time.
The evaluation of this parameter from the measurement data is not straightforward. Even if the ratio CA/OA yields the information on the photoinduced refractive-index change in the sample, this change could be both due to free-electron and bound-electron contributions. In our experiment, the latter effect can be ignored because its influence is significant during the rising part of the transients only. Therefore, the dynamic refractivity signal will be caused only by the freeelectron-induced lens that will disappear as fast are recombining the electrons excited by the pump beam. Electron diffusion that could lead to a similar effect is taking place at a much longer time scale ͑a few nanoseconds͒. Although a simple analytical relation between the nonequilibrium electron density and the measured CA/OA signal does not exist, the numerical simulation of the experiment shows that it is close to a linear one when the sample is placed at 2-5 Rayleigh lengths from the laser beam waist. Figure 1͑b͒ shows the temporal dependencies of the CA/OA ratio for three GaAs:As samples. By interpreting the decay of this ratio as the result of electron recombination, we had determined the recombination times in samples annealed at different temperatures. The recombination time increased from 4 to 40 ps for samples annealed from 500 to 680°C; the Arrhenius plot of these data is presented on Fig. 2 . Activation energy determined from this plot is only a half of the activation energy of 1.3 eV found for the electron trapping times in Ref. 9 , which are also presented in Fig. 2 for comparison. Assuming that the electrons are trapped at ionized As antisites (As Ga ) and the holes at neutral As Ga defects, this difference could be explained by the different anneal dynamics of As Ga and their main compensating defects-gallium vacancies.
In principle, the trap emptying or recombination times could be found from the analysis of the photoinduced absorption dynamics that can be seen on the OA signal transients. However, relatively simple dynamics, which is illustrated on Fig. 1͑a͒ , can be observed only on OA traces measured for samples annealed at lower temperatures. Figures 3͑a͒ and 3͑b͒ show OA traces measured at different pump pulse intensities on GaAs:As samples annealed at 600 and 700°C, respectively. The photoinduced absorption that was observed on samples annealed at lower temperatures was replaced by photoinduced transparency. Although this effect was relatively weak for the sample annealed at 600°C, it dominated the whole transient absorption signal of the sample annealed at 700°C and even covered up the initial cross correlation of the pump and probe pulses due to TPA. The magnitude of the induced transparency signal does not depend on the pump pulse energy for the 600°C sample, but for the 700°C sample it increased, saturated, and started to decrease with increasing pump energy.
It should be noted that this effect could not be explained by the presence of sole deep defects ͑arsenic antisites͒. Pump pulse absorption at these defects would induce the transparency for the probe pulse only as long as the photoexcited electrons are not trapped again. The electron trapping time in the sample with T A ϭ700°C was about 4.5 ps, 9 much shorter than the duration of the observed photoinduced effects. On the other hand, the assumed presence of defects ͑point or extended͒ of a second type would qualitatively clarify the majority of the experimental observations. Electrons transferred from those defects will be trapped at ionized As Ga centers and, after filling these traps, will establish a nonequilibrium population in the conduction band. The recovery of that population will be determined by the trap emptying, which, in this case, will originate from electrons jumping from the trapping centers back to the defects of origin.
Structural investigations of GaAs:As samples prepared under identical conditions as the ones used in the present investigation 11 indicated a possible origin of the second type of defects. The results of the transmission electron micrography investigation of As-ion-implanted GaAs were interpreted in terms of As precipitate formation after annealing at temperatures in excess of 600°C. As it was experimentally demonstrated in Ref. 12 , these metallic arsenic precipitates can contribute to a reasonable absorption component out to 1.7 m. At the large optical excitations of our experiments, this component would be saturated by the pump pulse and induce the transient transparency for the probe beam. Moreover, the nonexponential decay of the induced refractivity ͑free electrons͒ could be also understood when considering the fact that it might be caused by electrons hopping between randomly distributed As-antisite traps and Asprecipitates.
In conclusion, high-energy, long-wavelength laser pulses and a modified pump-and-probe technique were used to investigate the free-electron and trap-filling dynamics in ELO GaAs:As samples annealed at various temperatures. The carrier recombination time was found to be 4 ps in a sample annealed at 500°C and increased with annealing temperature. Photoinduced transparency was discovered in samples annealed at high temperatures. This effect, which was explained in terms of absorption at the As precipitates, can be exploited for mode locking of long-wavelength lasers.
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